Abstract-We observe a gamma-irradiation-induced change in electrically detected magnetic resonance (EDMR) in TiN/Ti/HfO 2 /TiN resistive random access memory (RRAM). EDMR measurements exclusively detect electrically active defects, which are directly involved in the transport mechanisms within these devices. The EDMR response has an isotropic g value of 2.001 ± 0.0003. The response increases dramatically with increased gamma irradiation. We tentatively associate this EDMR response with spin-dependent trap-assisted tunneling events at O − 2 centers coupled to hafnium ions. Although our study cannot fully identify the role of these defects in electronic transport, the study does unambiguously identify changes in transport defects caused by the ionizing radiation on defects involved in electronic transport in RRAM devices. This paper also contributes more broadly to the RRAM field by providing direct, though incomplete, information about atomic scale defects involved in electronic transport in leading RRAM systems.
I. INTRODUCTION
A S FLASH memory reaches its practical scaling limits, resistive random access memory (RRAM) offers potential advantages for future memories. These advantages include dense memory configurations, large "SET-RESET" cycles, simple integration with complementary metal-oxidesemiconductor (CMOS) technology, short switching times, and potentially high resistance to certain types of radiation [1] . However, at the present time there is virtually no direct experimental evidence identifying electrically active defects involved in RRAM radiation damage [2] . Furthermore, although many reasonable models have been proposed, there is also very little direct experimental evidence elucidating the underlying atomic scale conduction mechanism within RRAM devices under any circumstances. Although many different materials systems are under development for use in RRAM devices, among the most promising systems are hafnium oxide (HfO 2 ) RRAM metal-insulator-metal (MIM)-based devices. Previous investigations have proposed that the conduction mechanism in these devices is derived from filamentary conduction paths within the transition-metal oxide [1] , [3] , [4] , [26] - [32] . One widely accepted explanation is the migration of oxygen vacancies within the transition-metal-oxide insulator. These defects would then form the conducting filament in the RRAM device [1] , [3] , [4] , [26] - [32] . However, to the best of our knowledge, no direct atomic scale experimental evidence establishes this transport mechanism. Electrically detected magnetic resonance (EDMR) measurements could provide such evidence.
II. RRAM
Oxide-based RRAM devices typically involve metal-oxide dielectrics grown via atomic layer deposition (ALD) on a lithographically placed bottom contact. An oxygen scavenging layer is generally deposited above the oxide before depositing a top metal contact to complete the RRAM device. The virgin device is "formed" via current controlled voltage pulses, forming the current path. By sweeping the voltage polarity the device can be "switched" from the low-resistive state (LRS) to the high-resistive state (HRS). This is the basis of the memory cell. The I -V response is typically a hysteresis curve which is current limited at the extremes. This allows for slow voltageswept switching between LRS and HRS. Another method for switching is pulsed-program-verify switching. This method, which has been utilized on these devices, drives a voltage pulse for a very short period of time (∼10 ps-100 ns) across the RRAM device [5] , [6] . The resistance is measured in between pulses, and the memory state can be honed in to achieve 10×-100× differences in SET/RESET state. These small devices can be easily incorporated into CMOS design, allowing for seamless memory storage.
III. RADIATION IN HFO 2 -BASED DEVICES
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See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. long-term endurance. Currently, there is no high density nonvolatile memory option for outer space applications that is resistant to high levels of radiation damage. (FLASH memory is limited to a total ionizing dose (TID) hardness of ∼75 krad (Si) [7] .) Recent work suggests a potential limit for TID in HfO 2 RRAM devices. Fang et al. [2] utilized X-ray photoelectron spectroscopy (XPS) and electrical measurements to identify a TID limit of ∼5.2 Mrad. Their work indicated a weakening of the conductive filament within the oxide in devices subjected to this (5.2 Mrad) total dose. Below this level, there was almost no change in the measured characteristics (small shift in SET voltage, but no change in resistance). Their explanation for the increase in oxygen vacancies measured at the surface was to link the process to radiation-induced "broken Hf-O bonds" which were measured via XPS as in increase in "nonbridging oxygen." Other groups tested the C-V response, switching characteristics, and filament stability after gamma [2] , [8] , [9] and even proton radiation [10] finding similar, if not better, resistance to radiation. Although these studies provide real insight, at the present time, there is effectively no direct evidence for the physical and chemical nature of the electrically active atomic scale defects involved in the radiation damage mechanisms in the leading candidate systems involving HfO 2 .
IV. ELECTRICALLY DETECTED MAGNETIC RESONANCE
By far the most powerful analytical tool available for identifying atomic scale defects is electron paramagnetic resonance (EPR). Conventional EPR has already been used to characterize radiation damage in HfO 2 powders [11] , in gate stacks used in metal-oxide-semiconductor fieldeffect transistors [12] , [13] , and metal-oxide-semiconductor capacitors [14] .
Generally, in any type of EPR measurement, a sample is placed in a microwave cavity with a quality factor (Q), then subjected to a slowly varying magnetic field H , and an oscillating magnetic field of frequency υ. At resonance, the sample absorbs energy, which changes the Q of the cavity. A power diode measures this as a change in reflected power. The reflected power versus magnetic field is plotted as the resonance measurement. In all EPR techniques, an unpaired electron within a defect center is "flipped" during resonance. In the simplest cases, the resonance condition is given by
where h is Planck's constant, β is the Bohr magneton, and in the simplest of cases g e = 2.00232 . . . . More generally g is orientation dependent and depends upon the spin-orbit coupling of the defect; it is often described as a second rank tensor. In an amorphous or polycrystalline system, one may often relate EPR line shape to the components of the second rank tensor (g xx , g yy , and g zz ). These line shapes are often referred to as powder patterns. An analysis of the g tensor components can often identify the local defect structure. Unfortunately, conventional EPR is not sensitive enough to identify defects, in nanoscale devices, that directly impact device performance. Therefore, we must look elsewhere to identify the defects and transport mechanisms in RRAM. The most sensitive EPR detection technique for identifying these defects is EDMR. EDMR [15] is an EPR detection technique in which resonance is observed through changes in device current; it is typically at least ten million times more sensitive than conventional EPR.
The EDMR technique called spin-dependent trap-assisted tunneling (SDTAT) is relatively new; it can identify defect sites within the band gap of an insulator [16] - [18] . If a defect is identified via SDTAT within an oxide-based RRAM cell that defect must be involved in device transport. This technique can be visualized by considering the coupling of two electron traps in an insulator, as illustrated in Fig. 1(a) and (b) . A large, uniform magnetic field (B 0 ) is applied to the MIM structure. In Fig. 1(a) , a tunneling event is forbidden for the illustrated triplet state (total spin angular momentum 1), because the tunneling event would violate the Pauli exclusion principle. However, if resonance is met via the application of an oscillating magnetic field (B 1 ), a defect center spin "flips" and the triplet state are converted to a singlet state (total spin angular momentum 0), as illustrated in Fig. 1(b) . This allows trap-assisted tunneling (TAT) to occur. The TAT event is measured via a change in current. This current change is SDTAT EDMR.
Previous conventional EPR experiments have analyzed the impact of gamma irradiation on 30-nm HfO 2 -films grown via ALD on a thin film of SiO 2 . Ryan et al. [12] identified two atomic scale defects directly caused by gamma irradiation in their gate-stack films: an O − 2 coupled to a hafnium ion and an HfO 2 oxygen vacancy center. Some results of the Ryan et al. [12] study are shown in Fig. 2 . Fig. 2(a) shows the full EPR response obtained after gamma irradiation. This response involves two spectra. On the left side of the figure, the spectrum due to the O − 2 center is illustrated. This defect involves an O − 2 coupled to a hafnium ion. The spectrum is linked to the three labeled g tensor components. Fig. 2(b) shows a WINEPR SimFonia simulation of the same O − 2 center. The experimental results are reasonably consistent with the simulated spectrum. Such spectra have been convincingly linked to O − 2 centers in multiple systems in the past [24] . A schematic of such a defect is shown in Fig. 2(c) .
(The unlabeled spectrum on the right side in Fig. 2(a) has been attributed to the oxygen vacancy center.) Kanzig and Cohen [24] , Anpo et al. [33] , and Lunsford and Jayne [34] have developed a model relating this EPR spectrum to the O − 2 center. It is widely accepted in the literature for many metal oxides [33] , [34] . Their model is based upon the electronic ground-state energy levels for the O − 2 in an ionic system, shown in Fig. 2(c) [12] , [13] . Since the Hf-O bond has a 70% ionic character, this model works for the HfO 2 system. The crystal field around the defect eliminates the degeneracy of the π bonding and antibonding levels, splitting the 2 pπ g orbitals by an energy, shown in Fig. 3 . Equations (2)- (4) identify the expressions for the threegtensors associated with 
where g e = 2.00232(. . .) is the free electron g value, and λ is the spin-orbit coupling of oxygen (usually taken to be 0.014). The energy level separations, E and , are illustrated in Fig. 3 . The l parameter is the correction to the angular momentum about z caused by the crystal field and is normally close to one. Typically, λ < E, and therefore to a firstorder approximation we may simplify (2)- (4) as: g xx ∼ = g e , g yy ∼ = g e + 2λ/E, and g zz ∼ = g e + 2λ/. Therefore, g xx is typically near the free electron g e = 2.00232(. . .), and g yy is usually shifted to a somewhat higher g value. Depending on this local environment, and therefore the crystal field splitting , the value of g zz could be significantly shifted from the free electron value [13] , [29] . If only modest short range order exists in the immediate vicinity of the defect sites, one would anticipate the powder pattern spectrum observed by Ryan et al. In a more highly ordered system, the simulation in Fig. 2(b) would be anticipated. However, inspection of (2)- (4) indicates that this characteristic line shape could be greatly broadened if significant site to site differences existed among these defects. The difference between defect sites with moderate short range order and very highly disordered sites is illustrated in Fig. 4 (a) and (b), respectively. The net effect of the increased disorder is to greatly broaden the left side of the EDMR spectrum, with considerably less broadening of the component of the trace on the right corresponding to a g ≈ 2.
V. EXPERIMENTAL DETAILS
In this paper, we utilized TiN/Ti/HfO 2 /TiN RRAM memory cells with a 5-nm Ti layer acting as the oxygen scavenging layer. The memory cell was mounted to a printed circuit board, and electrical connections were made via wire bonds, thus excluding periphery logic. This entire apparatus is small enough to fit inside the microwave cavity, and is illustrated in Fig. 5 . These RRAM devices were cycled via the pulseprogram-verified switching technique [5] , [6] . These devices were cycled by Nminibapiel et al. [5] , [6] , and their switching results are reported elsewhere. EDMR was then performed on the cycled devices. After EDMR measurements, the cycled devices were subjected to 1 Mrad, and subsequently 10 Mrad of 60 Co gamma radiation. EDMR was again performed after [25] . For all EDMR measurements, we utilized an EDMR spectrometer with a Lakeshore magnet, Mirco Now microwave-bridge, Stanford Preamplifier, and LabView data acquisition software. We have made EDMR measurements with identical biasing conditions and spectrometer settings before and after each period of gamma irradiation. We have also measured the resistance of these devices before and after gamma irradiation. These measurements were made directly across the memory cell of the RRAM device, bypassing the other RRAM circuitry by wire bonding directly to the memory cell. We also investigated the EDMR position of the center line versus lock-in phase.
VI. EXPERIMENTAL RESULTS
EDMR of an LRS HfO 2 RRAM device and an HRS HfO 2 RRAM device was performed before and after 1 Mrad of 60 Co gamma irradiation. The responses are shown in Fig. 6(a) and (b) , respectively. Before gamma irradiation, the measured dc resistances were 10 k for the LRS and 1.41 M for the HRS. The HRS and LRS devices exhibited no EDMR response before gamma irradiation, as shown in Fig. 6(a) and (b) .
After gamma irradiation, the measured resistances were effectively unchanged (∼1%). Any small change in the resistance may have been the result of relaxation within the RRAM device. However, even without a significant change in resistance, we do measure a large increase in the EDMR response with a zero-crossing g of 2.001 ± 0.0003. This response was measured with a constant applied voltage of 160 mV for the LRS, and 5 V for the HRS. The change in current due to TAT is 80 pA for the LRS and 0.22 pA for the HRS. Although the g value and line shapes were approximately the same, the amplitude of the EDMR is strongly dependent upon the resistance state; it is approximately five parts per million change in current for the LRS and approximately one part per billion change in the HRS current. The EDMR response is relatively small, but the radiation-induced change in the resistance state is also relatively small; no more than about one percent. The relatively small EDMR response is not surprising.
This response is also independent of orientation within the magnetic field [shown in Fig. 7(a) and (b) ]; the defect g tensor is isotropic.
In a series of measurements, we maximized the EDMR response as a function of lock-in phase. In no case were we able to completely eliminate the out of phase signal. Depending on the lock-in phase, the response exhibited a dual-peak response. This multiple line spectrum suggests the presence of multiple mechanisms in the EDMR.
A follow up dose of 10 Mrad of 60 Co gamma irradiation was applied to the same devices. The measured resistances remained unchanged after irradiation. EDMR was again performed on these devices in a comparison measurement. This comparison of 1 Mrad versus 10 Mrad is shown in Fig. 8 . After the second dose, a significant increase in the EDMR response is measured. This shows that the gamma irradiation has a significant impact on the defect structure within the RRAM memory cell. In order to determine the identity of this defect responsible for the EDMR response, it is useful to compare a wider EDMR sweep of the RRAM device to the Ryan et al. HfO 2 -gate-stack-film-based EPR response illustrated in Fig. 1(a) . As discussed previously, these observed peaks in Fig. 1(a) represent the g tensor components of the O − 2 coupled to a hafnium ion. If the local environments of the defects are more or less the same, one would anticipate an O − 2 spectrum similar to that of Fig. 2(a) and (b) . However, if the local sites are highly disordered, one would expect the g zz and g yy components to be broadened possibly to the point where they would be no longer observable; however, a relatively sharp component corresponding to g xx ≈ 2 would remain. A wider EDMR sweep of the RRAM device does not yield any other peaks. Therefore, our results are reasonably consistent with what would be expected in the highly disordered case, in which the broadening would produce a single line with g ≈ 2.
These results suggest that the O − 2 defects, which are created during radiation, are directly involved in electronic transport in HfO 2 RRAM devices. We believe this is the first atomic scale identification of a defect directly involved in transport within oxide-based RRAM. Surprisingly, we do not see any direct evidence for oxygen vacancy centers in electronic transport. The work of Xiong et al. [19] , Foster et al. [20] , [21] , Shiraishi et al. [22] , and Shen et al. [23] indicate that both defects exhibit multiple levels in the HfO 2 band gap, and are thus reasonable candidates for filamentary transport. It should be noted that, as others have previously reported, only very small changes occur in the electronic behavior of these devices subjected to rather high levels of ionizing radiation. The results thus also are consistent with the idea that these devices could be quite radiation hard.
VII. CONCLUSION
We show that EDMR measurements can detect radiationinduced defects which are clearly involved in electronic transport in TiN/Ti/HfO 2 /TiN RRAM devices. To the best of our knowledge, these results provide the first direct atomic scale evidence for defect centers involved in any form of RRAM transport. A strong resonance peak was observed with a zerocrossing g of 2.001 ± 0.0003. This spectrum is consistent with an O − 2 center within the HfO 2 [12] , [13] , with significant broadening of the g zz and g yy g tensor components due to disorder within the defect environment. These results may be useful for understanding radiation effects in other RRAM devices with similar material systems. That is, one might expect similar defect centers to be involved in transport in other RRAM systems based on similar metal-oxide chemistry. Surprisingly, the response appears to be inconsistent with the expected spectrum due to oxygen vacancies. Our electrical measurements of gamma radiation on HfO 2 RRAM devices are generally consistent with those reported by others, but we believe the local environment of the O − 2 center is affecting the line shape. After radiation there was no significant change in the resistance. However, it is important to note that we did measure a significant change in the EDMR response. This means the gamma radiation does change the structure of some defect centers that are directly involved in electronic transport. This change in the defect centers will affect the device performance. However, this change is so small relative to conventional SET/RESET resistances that these RRAM devices are effectively radiation hard at these levels.
